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As one of the most important nanomaterials in fundamental research and technological 
applications, nanostructured zinc oxide has recently attracted considerable interest due to 
its wide band gap of 3.37 eV and large excitation binding energy of 60 meV. In the last 
decade, substantial efforts have been made to develop various fabrication methodologies 
to nanostructured zinc oxide with diverse complex morphologies, such as nanorods, 
nanowires, nanobelts, nanotubes, or nanorings, for numerous promising applications. 
 
Currently, vapor-phase deposition techniques are the most popular ones for the growth of 
high-quality ZnO nanorod arrays at high temperatures. The simple physical-vapor-
deposition technique generally requires economically prohibitive high temperature of > 
800 oC, and the complex chemical-vapor-deposition technique involves expensive 
substrates, sophisticated equipments and rigorous experimental conditions though the 
organometallic zinc precursors used can reduce the reaction temperature to 400 oC. 
Recently, liquid-phase preparation of high-quality ZnO nanorod arrays at low 
temperatures (90-95 oC) has also been achieved through two-step wet-chemical processes 
including the initial coating of ZnO seed particles on substrates and the subsequent growth 
of ZnO nanorods through the thermal decomposition of Zn-amide complexes in aqueous 
solutions.  
 
In this work, we have developed a novel liquid-phase method for fabricating well-aligned 
ZnO nanorod arrays on arbitrary substrates such as zinc substrates and ZnO film-coated 
 IV
substrates (e.g. glass, silicon, and polymer). This novel synthetic approach also allows 
further reducing the growth temperature to 65 oC, leading to an effective and low-cost 
fabrication process for high-quality ZnO nanorod arrays. This substrate-independent 
preparation of ZnO nanorod arrays on patterned substrates enables a wide variety of 
potential applications in electronic and optoelectronic fields. Additionally, large-scale 
dense arrays of well-aligned hexagonal ZnO nanotubes were grown on zinc foils used in 
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Chapter 1  
Introduction to Nanostructured Zinc Oxide 
 
As a wide-bandgap semiconductor with a large excitation binding energy (60 meV), zinc 
oxide becomes one of the most important functional oxides, exhibiting near-UV emission, 
transparent conductivity, and piezoelectricity. In the last decade, substantial efforts have 
been devoted to the development of various fabrication approaches to the nanostructured 
zinc oxide with diverse complex morphologies for numerous promising applications. Here, 
a brief review regarding the preparation of the diverse ZnO nanostructures and their novel 
applications is presented.  
 
 
1.1 Unique Properties  
 
ZnO is a typical member of the wurtzite family of structures (hexagonal crystal system) 
and occurs in nature as the mineral zincite (crystal class 6mm). This polar ionic structure 
can be described as hexagonal close packing of oxygen and zinc atoms in space group 
P63mc with zinc atoms in tetrahedral sites (point group 3m). The typical crystal habit 
exhibits a basal (pedion) polar oxygen plane (000ī), a top tetrahedron corner-exposed 
polar zinc (0001) face, and low-index faces (parallel to the c axis) consisting of a nonpolar 
(ī000) face. The “low-symmetry” nonpolar faces with 3-fold coordinated atoms are the 
most stable ones, the polar ones being metastable. Additionally, there is no center of 
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inversion in the wurtzite crystal structure and therefore an inherent asymmetry along the c 
axis is present which allows the anisotropic growth of the crystal along the [0001] 
direction.1 It can be predicted that one-dimensional (1D) ZnO might have the richest 
family of nanostructures even as compared to carbon nanotubes.  
 
The basic parameters of wurtzite ZnO are shown in Table 1.1.2 Firstly, it is a direct band 
gap semiconductor with Eg = 3.4 eV and divalent cation substitution can tune its band gap 
continuously. For example, Cd doping can decrease the band gap (to as low as ~ 3.0 eV), 
whereas Mg doping can increase the band gap (to as high as ~ 4.0 eV). Secondly, it is an 
important functional oxide, exhibiting near-ultraviolet emission and transparent 
conductivity. The strong room-temperature UV photoluminescence at ~ 3.2 eV is 
attributed to a near-band-edge exciton state, as the exciton binding energy is on the order 
of 60 meV. Additionally, visible emission is also observed as a result of defect states. 
Thirdly, it is piezoelectric due to its noncentral symmetry, and this is a key property in 
building electromechanical coupled sensors and transducers. Finally, it is bio-safe and 
biocompatible, and can be used for biomedical applications without coating. With these 
unique characteristics, nanostructured zinc oxide will be one of the most important 









        Table 1.1 Properties of wurtzite ZnO 
Property Value 









1.602 (1.633 for ideal  
hexagonal structure) 
0.345 
Stable phase at 300 K wurtzite 
Energy gap 3.4 eV (direct) 
Excitation binding energy 60 meV 
Density 5.606 g/cm3
Melting point 1975 oC 
Thermal conductivity 0.6, 1-1.2 
Linear expansion coefficient (/oC) a: 6.5 × 10-6, c: 3.0 × 10-6
Static dielectric constant 8.656 
Refractive index 2.008, 2.029 
Intrinsic carrier concentration < 106 /cm3
Electron effective mass 0.24 
Electron Hall mobility at 300 K 
for low n-type conductivity 
200 cm2/V.s 
Hole effective mass 0.59 
Hole Hall mobility at 300 K for 





 The enormous new potential use of nanostructured zinc oxide in optoelectronic 
applications can be explained with reference to Table 1.2, which compares key properties 
of ZnO with those of competing compound semiconductor materials currently in use. ZnO 
has a unique combination of high values for energies of band gap, cohesion and exciton 
stability. The very high exciton binding energy (60 meV) makes ZnO ideal materials for 
room-temperature light emission. This also gives ZnO strong resistance to high 
temperature electronic degradation during operation of laser diodes. Finally, ZnO is the 
hardest of the II-VI family of semiconductors, which means that its performance will not 
be degraded as easily as the other compounds through the appearance of defects.  
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 1.2 Fabrication Techniques  
 
Owing to its unique properties, nanostructured zinc oxide has been investigated 
extensively in recent years with a wide range of fabrication techniques such as 
precipitation,4 hydrolysis,5 hydrothermal process,6-9 microemulsion,10,11 oriented 
attachment of nanocrystallites,12 pulsed laser deposition (PLD),13 molecular beam epitaxy 
(MBE),14 pyrolysis,15 vapor-phase transport process with assistance of noble metal 
catalysts,16-18 and thermal evaporation.19-22 The diverse preparation techniques enable 
various promising applications of nanostructured zinc oxide, though further development 
















Figure 1.1 A schematic diagram of thermal evaporation experimental apparatus for 




Among the various routes to nanostructured zinc oxide described in the literature, thermal 
evaporation is widely used and favored for its simplicity and high-quality products. Wang 
and coworkers23 have recently reviewed novel nanostructures of functional oxides 
synthesized by thermal evaporation, including ZnO nanobelts, nanowires, and nanorods. 
In principle, the thermal evaporation technique is a simple process in which condensed or 
powder source material(s) is/are vaporized at an elevated temperature and the resultant 
vapor phase(s) condense(s) under certain conditions to form the desired product(s) 
through optimizing temperature, pressure, atmosphere, and substrate. The processes are 
usually conducted in a tube furnace (Figure 1.1), consisting of a horizontal tube furnace, 
an alumina tube, a rotary pump system, and a gas supply and control system. The carrier 
gas enters at the left end of the alumina tube and is pumped out at the right end. The 
source material(s) is (are) loaded on an alumina boat and positioned at the center of the 
alumina tube. The substrate was placed downstream for collecting growth products. 
Unfortunately, these gas-phase approaches to nanostructured zinc oxide like thermal 
evaporation generally require economically prohibitive temperatures of 800-900 oC and 
remain constrained by the expensive and/or insulating (e.g. Al2O3) substrates, as well as 
the size and cost of the vapor deposition systems. 
 
PLD and MBE techniques have also been widely used for the synthesis of nanostructured 
zinc oxide, especially thin films for the careful doping studies. In MBE, the growth is 
performed under clean, low-pressure conditions where the potential for contamination is 
minimized. The wafer on which growth occurs is held at an elevated temperature so that 
arriving Zn and O atoms have sufficient energy to move around on the surface of the 
wafer and find their correct bonding positions. If the temperature is too high, these atoms 
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may be re-evaporated from the surface, while if the temperature is too low, the crystal 
quality of the ZnO layer being grown will be poor. The source materials for the growth are 
very pure Zn metal, which is evaporated from an oven toward the wafer, and atomic 
oxygen derived from a plasma or ozone source. MBE is capable of layer-by-layer growth 
with excellent control of the purity and crystalline quality of the resulting film. In PLD, a 
focused laser pulse is directed onto a target of material in a vacuum chamber. The laser 
pulse locally heats and vaporizes the target surface, producing an ejected plasma or plume 
of atoms, ions, and molecules. The plume of material is deposited onto an adjacent 
substrate to produce a crystalline film. This technique possesses several favorable 
characteristics for growth of multicomponent materials, such as stoichiometric transfer of 
the target material to the substrate, compatibility with a background gas, and atomic-level 
control of the deposition rate. In PLD, oxidation of Zn primarily occurs in the ZnO 
ablation plasma plume, thus alleviating the difficulties encountered with MBE of ZnO, 
where oxidation proceeds via surface reactions.2 The applications of these two techniques 































Figure 1.2 A schematic illustration for ZnO nanorod growth on nanostructured substrate 
by soft chemical method. After the formation of ZnO nanoparticle colloids through sol-
gel reaction and then dispersion on ITO substrate, the ZnO nanorods directly grow from 
the nanoparticles via hydrolysis-condensation process.  
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In addition, solution approaches have triggered growing interest recently because of their 
low growth temperature (90-95 oC) and good potential for scale-up. Unfortunately, to date, 
most ZnO nanorods are randomly grown in the solutions. For example, Guo and 
coworkers11 have presented a chemical route of microemulsions toward the growth of 
well-proportioned and crystallized ZnO nanorods using dodecyl benzene sulfonic acid 
sodium salt (DBS) as the modifying and protecting agent; Weller and coworkers12 have 
reported the formation of single-crystalline ZnO nanorods which is based on oriented 
attachment of preformed quasi-spherical ZnO nanoparticles. Until more recently, with the 
help of ZnO-nanoparticle-coated substrates, a few synthetic methods of oriented ZnO 
nanorods have been reported,24-27 which are based on seeded growth of ZnO nanorod 
arrays on the substrates. For example, Whang and coworkers27 have prepared ZnO 
nanoparticles by sol-gel reaction with cetyltrimethylammonium hydroxide (CTAOH) and 
grown ZnO nanorods on the ZnO-nanoparticle-coated substrates in aqueous solutions of 
zinc nitrate (Zn(NO3)2.6H2O) and methenamine (C6H12N4) at 90 oC. Figure 1.2 shows a 
schematic illustration for ZnO nanorod growth on nanostructured substrate by soft 
chemical method. However, the liquid-phase coating of the substrates with ZnO 
nanoparticles prepared in solution remains complex and difficult/irreproducible. 
 
 
1.3 Morphology Control  
 
Using these extensive fabrication techniques, nanostructured zinc oxide with various 
complex morphologies has been fabricated in recent years, which may lead to diverse 
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applications. For example, using a solid-vapor phase thermal sublimation technique, ZnO 
nanocombs, nanorings, nanohelixes/nanosprings, nanobows, nanobelts, nanowires, and 
nanocages have been synthesized under specific growth conditions.3 Figure 1.3 shows a 
collection of ZnO nanostructures synthesized under controlled conditions by thermal 
evaporation of solid powders. Most of the structures presented can be produced with 
100% purity. These unique nanostructures unambiguously demonstrate that ZnO might 
have the richest family of nanostructures among all materials, both in structures and 
properties. The nanostructures could have novel applications in optoelectronics, sensors, 
transducers, and biomedical science because it is bio-safe. Here, the preparation of the 
diverse ZnO nanostructures is briefly reviewed, showing recent development of 
morphology control over ZnO nanostructures. 
 
 
1.3.1 ZnO Nanorods/Nanowires 
 
ZnO nanorods/nanowires are the most common but useful morphologies of nanostructured 
zinc oxide, which have stimulated worldwide interest because of its great potential in both 
fundamental research and technological applications. ZnO nanorods/nanowires, in 
particular, should play an important role as both interconnects and active components in 











Figure 1.3 A collection of ZnO nanostructures synthesized under controlled conditions 
by thermal evaporation of solid powders. (Reprinted from Materials Today, Volume 7, 
No 6, Z. L. Wang, Nanostructures of zinc oxide, Pages 26-33, copyright 2004, with 







 For example, Vayssieres28 has reported on the inexpensive fabrication of large three-
dimensional and highly oriented porous nanorod array of n-type ZnO semiconductor 
(Figure 1.4). The single-crystalline hexagonal rods are length-tailored, monodisperse, and 
perpendicularly oriented. A polycrystalline F-SnO2 glass substrate, a Si or SiO2 wafer, a 
bare piece of glass or a conducting plastic (e.g. ITO on polyester) substrate, and an 
equimolar (10 mM) aqueous solution of zinc nitrate (Zn(NO3)2.4H2O) and methenamine 
(C6H12N4) is placed in a regular laboratory oven and heated at 95 °C for several hours. 
 
Liu and coworkers29 used arrays of oriented ZnO rods as the base material to grow the 
helical structures (Figure 1.5). The oriented ZnO rod arrays were prepared by controlled 
nucleation and growth. To prepare the ZnO rods, ZnO nanoparticles were first deposited 
on glass substrates. The glass substrates were placed in a solution containing 0.030 M 
Zn(NO3)2 and 0.030 M hexamethylenetetramine (HMT) and reacted at 60 °C for 3 days. 
The same procedure was repeated two more times with the addition of a very small 
amount of sodium citrate (0.00017 M). To grow the helical ZnO nanostructures, the glass 
substrate containing the oriented ZnO rods was placed in a solution containing 0.030 M 













Figure 1.4 Field-emission scanning electron microscopy (FE-SEM) images of three-
dimensional arrays of ZnO nanorods grown by the aqueous chemical method (A) onto a 
silicon wafer, and (B) onto a ZnO nanostructured thin film. (Reproduced by permission 











Figure 1.5 SEM micrographs of helical ZnO nanorods on oriented ZnO crystals. (A) 
Large arrays of well-aligned helical ZnO nanorods on top of base ZnO rods. (B) Precisely 
aligned ZnO nanorods on the (002) surface of one ZnO crystal. (C) Tilted high-
magnification SEM image of arrays of helical nanorods on one (002) surface. (D) High-
magnification SEM image of two long helical ZnO nanorods. (Reproduced by permission 




1.3.2 ZnO Nanoneedles and Tower-like Nanostructures 
 
Yi and coworkers30 have reported metal-organic chemical vapor deposition (MOCVD) of 
vertically well-aligned ZnO nanoneedles (Figure 1.6) on Si substrates and their structural 
and optical characteristics. Diethyl zinc (Et2Zn) and oxygen were the reactants and typical 
growth temperatures were in the range of 400-500 °C. 
 
Liu and coworkers31 have reported that the tower-like structure of ZnO nanocolumns 
grows along the (0001) direction normal to alumina substrates via pyrolysis and oxidation 
of ZnS, and is formed by stacking of ZnO nanocrystals layer upon layer (Figure 1.7). The 
ZnO nanocolumns grew in a gas flow reactor consisting of a high temperature tube 
furnace with a quartz tube and an independent temperature controller. The substrate used 




















Figure 1.6 FE-SEM ((A) tilted view, (B) plan view, and (C) cross-sectional view) and (D, 
E) low-magnification TEM images of ZnO nanoneedles by MOCVD on Si substrates. 
























Figure 1.7 SEM images of ZnO nanocolumns with different morphologies: (A) irregular 
elliptic cylinder structure; (B) the nanocolumn seems to be formed from stacking uniform 
hexagonal nanocrystals, indicating a tower structure; (C) twin growth of two nanotowers 
joined by a nanosheet. (Reprinted from ref 31: Reproduced by permission of The Royal 




1.3.3 ZnO Nanonails and Hierarchical Nanostructures  
 
Ren and coworkers32 have successfully grown a variety of novel hierarchical 
nanostructures (Figure 1.8) with 6-, 4-, and 2-fold symmetries by a vapor transport and 
condensation technique. It was found that the major core nanowires are single-crystal 
In2O3 with 6, 4, and 2 facets, and the secondary nanorods are single-crystal hexagonal 
ZnO and grow either perpendicular on or slanted to all the facets of the core In2O3 
nanowires. The core In2O3 nanowires have diameters of ~ 50-500 nm, whereas the 
secondary ZnO nanorods have diameters of ~ 20-200 nm. Depending on the diameter of 
the core In2O3 nanowires, the secondary ZnO nanorods grow either as a single row or 
multiple rows. Pure ZnO aligned nanonails (Figure 1.9) are also successfully synthesized 
by varying the experimental conditions via the same route.33 The ZnO nanonails, with 
crystalline cap and small diameter shafts, grow along the c-axis. The shape of the nanonail 
cap and shaft varies a lot. Nanonails with cap size as big as ~ 10 µm were observed, 
whereas the nanonail cap is ~ 100 nm in diameter and the nanonail length is ~ 1 µm for 
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Figure 1.8 SEM images of hierarchical ZnO nanostructures. (A) SEM image showing the 
abundance of the 6S-fold symmetry. Scale bar = 10 µm. (B) SEM image showing the 6M-
fold symmetry. Scale bar = 1 µm. (C) High magnification SEM image of the 6S-fold 
symmetry. Scale bar = 1 µm. (D) High magnification SEM image of the 6M-fold 
symmetry. Scale bar = 200 nm. (E) Head-on look at a 6S-fold symmetry to show the 
hexagonal nature of the major core nanowire. Scale bar = 200 nm. (F) Medium 
magnification SEM image showing the abundance of the 4-fold nanostructures. Scale bar 
= 5 µm. High magnification SEM images showing the (G) 4S-fold and (H) 4M-fold 
symmetry. Scale bar = 1 µm. S or M indicates the single or multiple rows of the secondary 
ZnO nanorods perpendicular to the major In2O3 core nanowire. (Reproduced by 








Figure 1.9 SEM images of ZnO nanonails: (A) Low magnification SEM image of 
nanonails and the nanonail flower; (B) medium magnification top view of nanonail 
flower; (C) Side view of nanonails. Scale bar = 1 µm. (D) High magnification SEM side-
view image of a nanonail. Scale bar = 200 nm. (Reproduced by permission from Nano 






 1.3.4 ZnO Tetrapods and Nanoribbons 
 
Yang and coworkers34 have reported deterministic growth of different shapes of ZnO 
crystals from the nanometer to the micrometer scale (Figure 1.10). Simple evaporation and 
condensation of different zinc vapor sources in oxygen was explored. Tetrapods and 
dendrites have been synthesized by adjusting the reaction temperature and the partial 
pressure of oxygen within the system. Size control can be achieved by varying the growth 
time and the ratio between zinc vapor pressure and oxygen partial pressure. The diameter 
of the arms of the ZnO tetrapods can be tuned from 100 nm to 2 µm by increasing the 
oxygen partial pressure from 0.5% to 5%. The thin tetrapods generally have needle-shaped 
arms (Figure 10A) while the thick ones have uniform hexagonal cylinder arms (Figure 
10B). When the oxygen partial pressure was increased to 5-10%, tetrapods with trumpet-
like arms (Figure 10C, D) were formed at high yield. Interestingly, self-assembly of these 
tetrapod units into dimers and tetramers were observed (Figure 10E-G). In addition, ZnO 
nanoribbons (Figure 10I) can be synthesized by carbon-thermal reduction of ZnO powders 
at relatively low temperature. Normally the length of the ribbons is ~ 20-60 µm, the width 
is ~ 1 µm, and the thickness is ~ 100-200 nm. ZnO nanowire comb structures (Figure 10H) 
were also observed. The nanowire branches have uniform diameters and are evenly 
distributed at one or both sides of the stem. The diameters of the nanowire range from 20 












Figure 1.10 SEM images of ZnO tetrapods and nanoribbons. (Reproduced by permission 
from Adv. Mater. (ref 34), copyright 2003, WILEY-VCH.)  
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1.4 Promising Applications  
 
Unique properties, various fabrication techniques and diverse morphologies of 
nanostructured zinc oxide enable its promising applications in a wide variety of fields. 
Recent improvements in the control of background conductivity of ZnO and 
demonstrations of p-type doping have intensified interest in this material for applications 
in UV light emitters, varistors, transparent high-power electronics, surface acoustic wave 
devices, piezoelectric transducers, and chemical and gas sensing.35-39 The main advantages 
of ZnO as a light emitter are its large exciton binding energy (60 meV), and the existence 
of well-developed bulk and epitaxial growth processes; for electronic applications, its 
attractiveness lies in having high breakdown strength and high saturation velocity. Optical 
UV lasing, at both low and high temperatures,16 has already been demonstrated, although 
efficient electrical lasing must await the further development of good, p-type material. 
ZnO is also much more resistant to radiation damage than other common semiconductor 
materials, such as Si, GaAs, CdS, and even GaN; thus, it should be useful for space 
applications.  
 
It is believed that recent vast interest drawn to nanostructured zinc oxide was originally 
triggered by the first report of room-temperature ultraviolet lasing in ZnO nanowire 
arrays.16 Yang and coworkers have demonstrated excitonic lasing action in ZnO 
nanowires with a threshold of 40 kW/cm2 under optical excitation. The self-organized, 
(0001) oriented ZnO nanowires grown on sapphire substrates were synthesized with a 
simple vapor transport and condensation process. They reported the lasing action in these 
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ZnO nanowires during the evolution of the emission spectra with increasing pump power. 
Here, a nanowire can be treated as a natural resonance cavity with two naturally faceted 
hexagonal end faces acting as reflecting mirrors, which may explain the observation of 
lasing action in these nanowire arrays without any fabricated mirrors. The chemical 
flexibility and the one-dimensionality of the nanowires make them ideal miniaturized laser 
light sources. These short-wavelength nanolasers could have myriad applications, 
including optical computing, information storage, and microanalysis.  
 
Moreover, ZnO may find applications in LED devices. Figure 1.11 shows a schematic 
illustration of the LED device structure recently reported by Ohta and Hosono,39 which 
consists of ZnO and SrCu2O2 layers with the thickness of 500 nm and 200 nm, 
respectively. ITO and metallic Ni are used as bottom and top electrodes, respectively. 
Near-UV emission of a p-type SrCu2O2/n-type ZnO heterojunction LED is shown in 
Figure 1.12. A near UV emission band centered at 382 nm is seen when a forward bias 
voltage of > 3 V is applied to the heterojunction. The inset shows EL spectra for several 
currents. Increased EL intensity with increasing injection current can be seen without a 














Figure 1.11 Schematic illustration of the LED device structure. (Reprinted from 
Materials Today, Volume 7, No 6, H. Ohta, H. Hosono, Transparent oxide 









Figure 1.12 Near-UV emission of a p-type SrCu2O2/n-type ZnO heterojunction LED. EL: 
emission as a result of current injection, PL: photoluminescence excited with 325 nm He-
Cd laser light. (Reprinted from Materials Today, Volume 7, No 6, H. Ohta, H. Hosono, 







Furthermore, ZnO has been applied in UV-detectors. Figure 1.13 shows a schematic 
illustration of the UV-detector structure, which consists of ZnO and NiO layers with the 
thickness of 500 nm and 300 nm, respectively. ITO and metallic Au are used as bottom 
and top electrodes, respectively. UV sensing occurs under photoirradiation from the 
substrate side using a monochromated Xe lamp light under reverse biased conditions. 
Typical I-V characteristics of a pn-heterojunction diode under dark (UV-OFF) and UV-
illumination (UV-ON, total power density: 0.33 W/cm2) conditions at room temperature 
and spectral response of the diode at several reverse bias voltages are shown in Figure 
1.14. The threshold voltage is ~ 1 V. The ideality factor is ~ 2. Inset shows the magnified 
curve. The open-circuit voltage, short-circuit current, and fill factor of the diode are ~ 0.2 
V, ~ 0.5 mA, and 0.26, respectively. UV responsivity was increased dramatically by UV 
illumination under reverse bias conditions and reached ~ 0.3 A/W at 360 nm. The 
responsivity is comparable to those of commercial GaN UV-detectors (~ 0.1 A/W). The 



























Figure 1.13 Schematic illustration of the UV-detector structure. (Reprinted from 
Materials Today, Volume 7, No 6, H. Ohta, H. Hosono, Transparent oxide 







                   
 
Figure 1.14 Typical I-V characteristics of a pn-heterojunction diode under dark (UV-
OFF) and UV-illumination (UV-ON, total power density: 0.33 W/cm2) conditions at 
room temperature (top). Spectral response of the diode at several reverse bias voltages 
(bottom). (Reprinted from Materials Today, Volume 7, No 6, H. Ohta, H. Hosono, 
Transparent oxide optoelectronics, Pages 42-51, copyright 2004, with permission from 
Elsevier.)39
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1.5 Motivation behind Our Work 
 
Thanks to its unique properties, substantial effort has been devoted to the development of 
fabrication and application of nanostructured zinc oxide such as ZnO nanorods, nanowires, 
nanobelts, and nanotubes. Currently, vapor-phase deposition techniques are the most 
popular ones for the growth of high-quality ZnO nanorod arrays at high temperatures. The 
simple physical-vapor-deposition technique generally requires economically prohibitive 
high temperature of > 800 oC, and the complex chemical-vapor-deposition technique 
involves expensive substrates, sophisticated equipments and rigorous experimental 
conditions though the organometallic zinc precursors used can reduce the reaction 
temperature to 400 oC. Recently, liquid-phase preparation of high-quality ZnO nanorod 
arrays at low temperatures (e.g. 90-95 oC) has also been achieved through two-step wet-
chemical processes including the initial coating of ZnO seed particles on substrates and 
the subsequent growth of ZnO nanorods through the thermal decomposition of Zn-amide 
complexes in aqueous solutions. However, it is still a challenge to develop a simple, mild 
and practical strategy for the low-cost and large-scale/area fabrication of high-quality ZnO 
nanorod arrays that is in great demand for promising applications.  
 
In this work, we have developed a novel liquid-phase method for fabricating well-aligned 
ZnO nanorod arrays on arbitrary substrates such as zinc substrates and ZnO film-coated 
substrates (e.g. glass, silicon, and polymer). This novel synthetic approach also allows 
further reducing the growth temperature to 65 oC, leading to an effective and low-cost 
fabrication process for high-quality ZnO nanorod arrays. Simple low-temperature strategy 
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has been developed for the low-cost and large-area fabrication of ZnO nanorod arrays on 
zinc substrates through the natural oxidation process of zinc metal in formamide aqueous 
solution. The one-step wet-chemical approach has exhibited a well-controlled growth of 
highly oriented and densely packed ZnO nanorod arrays with large-area homogeneity and 
predictable morphologies such as tunable diameters and identical lengths of nanowires or 
nanorods. The novel chemical-liquid-deposition process as an analogue of the widely used 
chemical-vapor-deposition technique has been demonstrated for the near room-
temperature production of ZnO nanorod arrays through continuous supply, transport, and 
thermal decomposition of zinc complexes in liquid phase. Moreover, a simple synthetic 
procedure for preparing dense arrays of single-crystalline ZnO nanorods on ZnO film-
coated substrates (e.g. glass, silicon, and polymer) has also been developed by a soft 
solution method without the use of metal catalyst. The growth of ZnO nanorods is 
controllable with designed patterning and a new two-step growth mechanism was 
proposed by studying the growth kinetics of the ZnO nanorods. This substrate-
independent preparation of ZnO nanorod arrays on patterned substrates enables a wide 
variety of potential applications in electronic and optoelectronic fields. Additionally, 
large-scale dense arrays of well-aligned hexagonal ZnO nanotubes were grown on zinc 
foils used in this reaction solution and a competitive growth mechanism is proposed. 
 
This thesis is organized into five chapters. We give a brief introduction and literature 
review of nanostructured zinc oxide in Chapter 1, followed by experimental section in 
Chapter 2. In Chapter 3, we present near room-temperature production of diameter-tunable 
ZnO nanorod arrays through natural oxidation of metal zinc. In Chapter 4, we demonstrate 
a general low-temperature route for large-scale fabrication of highly-oriented ZnO 
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nanorod/nanotube arrays. The obtained nanoproducts were characterized by means of 
XRD, SEM, and TEM, and their growth mechanisms were further proposed. In the last 
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Formamide (99.8%, Merck) was used without further purification. Zinc foils (99.9%, 
Aldrich) with a thickness of 0.127 mm were ultrasonically washed in absolute ethanol 
before use. A sintered ceramic target of ZnO (99.99%, Aldrich) was employed as source 
materials for preparing ZnO films. 
 
 
2.2 Experimental Procedures 
 
2.2.1 Synthesis of ZnO Nanorod Arrays on Zinc Substrates 
 
The oxidation of metal zinc and the subsequent growth of ZnO nanorod arrays in 
formamide aqueous solution were carried out in a 4-mL glass vial under atmospheric 
environment. In a typical procedure, a piece of zinc foil (7.0 × 7.0 mm) was immersed into 
a 1.5 mL aqueous solution with the volume content of formamide ranging from 2 to 10% 
(volume/volume). The reaction system was then heated at a constant temperature of 65 ºC 
in a drying oven for 24 h. The surface of Zn substrate was tarnished gradually due to the 
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formation of a thin layer of white ZnO on the substrate. The zinc foil was taken out 
followed by washing with alcohol and deionized water, and dried at room temperature 
before characterization. 
 
Size and morphology of ZnO nanorods were examined by JEOL JSM-6700 field-emission 
scanning electron microscope (SEM). X-ray diffraction pattern of nanorod arrays was 
recorded by Bruker AXS GADDS X-ray diffractometer (XRD). The crystalline structure 
of nanorods was analyzed by means of JEOL 3010 transmission electron microscope 
(TEM). The samples for TEM measurement were prepared by removing ZnO nanorods 
from zinc substrates and dispersing them onto TEM copper grids. The growth mechanism 
of ZnO nanorods was studied through monitoring the temporal evolution of Zn 
concentration in reaction solution during the growth period of 24 h. The Zn concentrations 
were measured by Optima 3000 Perkin-Elmer inductively coupled plasma - atomic 
emission spectrometry (ICP-AES). Photoluminescence (PL) spectra of ZnO nanorod 
arrays were recorded by Bio-Rad 2045 rapid photoluminescence mapping system using 
He-Cd laser (325 nm) as the excitation source. 
 
 
2.2.2 Synthesis of ZnO Nanorod Arrays on Arbitrary Substrates 
 
Preparation of ZnO Film-Coated Substrates. ZnO films were deposited onto glass 
substrates by a conventional RF (radio frequency) magnetron-sputtering system (Figure 
2.1) with base pressure of 1 × 10-4 Pa. The diameter of the sintered ceramic target of ZnO 
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(99.99%) as source materials was 15 cm and the glass substrate was placed parallel to the 
target surface with a substrate-target distance of 6.5 cm. Argon was used as the sputtering 
gas that was controlled via mass flow controller (MFC). The pressure of a gas mixture of 
argon (99.99%) and oxygen (99.99%) was 0.1 Pa during sputtering process. Under such a 
growth condition, the growth rate of the ZnO film was ~ 3.3 nm/min with RF power of 
150 W at room temperature. The obtained ZnO film-coated substrates with a thickness of 
















































Growth of Hexagonal ZnO Nanorods and Nanotubes. One ZnO film-coated substrate 
and two zinc foils (7.0 × 7.0 mm) were immersed in 3 mL of 5% formamide aqueous 
solution (volume/volume) in a 10-mL sample vial. The reaction was kept at a constant 
temperature of 65 oC in a laboratory oven for 24 h. Afterwards the substrates were taken 
out and washed with ethanol, and then allowed drying in air at room temperature for 
further characterization. The grown ZnO nanorods on Zn foils and ZnO film-coated 
substrates were characterized and analyzed by XRD, SEM, and TEM. The PL 
measurement was performed at room temperature using He-Cd laser line of 325 nm as an 
excitation source.  
 
 
2.3 Characterization Techniques 
 
2.3.1 Scanning Electron Microscope (SEM) 
 
The scanning electron microscope (SEM) is an indispensable tool in many fields of 
research, development, manufacturing and analysis. In SEM, the electrons are accelerated 
in a potential difference typically of the order of 5-20 kV, and the magnetic lenses form an 
electron spot of the order of a few nm. When the energetic electrons hit the surface of the 
sample under investigation, secondary electrons are emitted, some incident electrons are 
being backscattered, X-rays are emitted and a current is measured to the sample. A 
deflection coil system scans the focused electron beam in a raster across the surface. In 
synchronism with this is an electron beam of a separate cathode-ray tube scanned over the 
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screen, while the intensity of the cathode-ray tube is modulated by one of the signals of 
secondary electrons, backscattered secondary electrons, X-rays, or sample current to form 
an image of the surface. 
 
In this work, JEOL JSM-6700 field-emission scanning electron microscope (FE-SEM) 
was used for morphological characterization. The JEOL conical FE electron gun 
combined with a zoom condenser lens provides a stable high performance electron optical 
system. The JSM-6700F is a field emission scanning electron microscope incorporating a 
cold cathode field emission gun, ultra high vacuum, and sophisticated digital technologies 
for high-resolution high-quality imaging of microstructures. Featuring a conical FE gun 
and a semi-in-lens objective lens, the system is capable of high-resolution imaging as well 
as high-quality real-time image display at all scan speeds, enabling observation and 
recording of superior images even in a bright room. The JSM-6700F, JEOL's highest 
resolution SEM yet, is able to handle samples up to 8 inches in diameter.  
 
 
2.3.2 Transmission Electron Microscope (TEM) 
 
The transmission electron microscope (TEM) is an optical analogue to the conventional 
light microscope. It is based on the fact that electrons can be ascribed a wavelength (of the 
order of 2.5 pm) but at the same time interact with magnetic fields as a point charge. A 
beam of electrons is applied instead of light, and the glass lenses are replaced by magnetic 
lenses. The lateral resolution of the best microscopes is down to atomic resolution. 
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 In TEM, an electron beam is formed in an electron gun, which is accelerated by an electric 
field formed by a voltage difference of, typically, 200 kV. By condenser lenses, the 
electron beam is focused to a spot of the order of 1 mm on the thin film to be investigated. 
The first image, which is formed by the objective lens, is magnified typically ×25, and the 
following lenses give a final magnification of the image of more than ×106. In addition to 
thin-sample images, electron diffraction patterns can also be formed on the final image 
screen. In bright field imaging, the image of a thin sample is formed by the electrons that 
pass the film without diffraction, the diffracted electrons being stopped by a diaphragm. In 
the corresponding dark field imaging mode, a diffracted beam is used for imaging. 
 
The microstructure, e.g. the grain size, and lattice defects are studied by use of the image 
mode, while the crystalline structure is studied by the diffraction mode. In addition, the 
chemical composition of small volumes, e.g. grain boundaries, can be obtained by 
detection of X-rays emitted from the film. 
 
Samples for electron microscopy in form of films mounted on fine-meshed grids are 
required to be very thin. In case near-atomic resolution is required film thicknesses have to 
be limited to a few tens of Å. Therefore, the quality of the electron microscopy work is 
sometimes limited by the thinning-down procedure as structural changes may occur 
during the thinning. 
 
In this work, JEOL 3010 transmission electron microscope was used for structural 
characterization. JEOL 3010 transmission electron microscope can be operated at an 
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accelerating voltage of 100 to 300 kV and reach the magnification of 1,500,000. The JEM-
3010 is an ultrahigh resolution analytical electron microscope with a point resolution of 
0.17 nm (UHR Version). The JEM-3010 also offers many other advanced features which 
make it an essential tool in the field of materials science and materials innovation. Among 
its more outstanding features are a microactive goniometer with motorized 5 axes, a 
directly coupled ion pump with a bake out function for clean specimen environments, and 
computer controlled data management and storage.  
 
 
2.3.3 X-ray Diffractometer (XRD) 
 
X-rays are electromagnetic radiation with a wavelength of ~ 1 Å, which is about the same 
size as an atom. They occur in the portion of the electromagnetic spectrum between 
gamma-rays and the ultraviolet. The discovery of X-rays in 1895 enabled scientists to 
probe crystalline structure at the atomic level. X-ray diffraction (XRD) has been in use in 
two main areas, for the fingerprint characterization of crystalline materials and the 
determination of their structure. Each crystalline solid has its unique characteristic X-ray 
powder pattern which may be used as a "fingerprint" for its identification. Once the 
material has been identified, X-ray crystallography may be used to determine its structure, 
i.e. how the atoms pack together in the crystalline state and what the interatomic distance 
and angle are. X-ray diffraction is one of the most important characterization tools used in 
solid state chemistry and materials science. We can determine the size and the shape of the 
unit cell for any compound most easily using the diffraction of X-rays. 
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 If an incident X-ray beam encounters a crystal lattice, general scattering occurs. Although 
most scattering interferes with itself and is eliminated (destructive interference), 
diffraction occurs when scattering in a certain direction is in phase with scattered rays 
from other atomic planes. Under this condition the reflections combine to form new 
enhanced wave fronts that mutually reinforce each other (constructive interference). The 
relation by which diffraction occurs is known as the Bragg law or equation: 
 
λ = 2dsinθ 
 
where λ = wavelength of the characteristic X-rays 
           d = lattice interplanar spacing of the crystal 
           θ = X-ray incidence angle (Bragg angle). 
Because each crystalline material has a characteristic atomic structure, it will diffract X-
rays in a unique characteristic pattern. 
 
The X-ray diffraction experiment requires an X-ray source, the sample under investigation 
and a detector to pick up the diffracted X-rays. X-rays are produced when electrically 
charged particles of sufficient energy are decelerated. In an X-ray tube, the high voltage 
maintained across the electrodes draws electrons toward a metal target (the anode). X-rays 
are produced at the point of impact, and radiate in all directions. Tubes with copper targets, 
which produce their strongest characteristic radiation (K 1) at a wavelength of ~ 1.5 Å, 
are most commonly used. When the incident beam strikes a powder sample, diffraction 
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occurs in every possible orientation of 2θ. The diffracted beam may be detected by using a 
moveable detector.  
In this work, Bruker AXS GADDS X-ray diffractometer (XRD) was used for structural 
analysis. Bruker GADDS (General Area Detector Diffraction System) instrument is a 
small angle X-ray diffraction system for powder samples, thin films, semiconductors, 
metals, polymers, and single crystals. The area detector is a position-sensitive electronic 
device for measuring the intensities of a large number of diffraction data at one time in 
two dimensions. It gives information on both the direction and intensity of each diffracted 
beam, which may be called electronic film by analogy. It offers greater sensitivity 
accuracy with many reflections at one time. 
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Chapter 3  
Low-Temperature Production of Diameter-Tunable 
ZnO Nanorod Arrays on Zinc Substrates 
 
Nanostructured zinc oxide with diverse morphologies of nanowires, nanorods, nanobelts, 
nanotubes, and nanorings has been extensively studied due to their unique physical 
properties such as wide-band gap and large excitonic binding energy at room temperature, 
and promising applications in short-wavelength optoelectronic devices, solar energy 
conversion, transparent conducting coating materials, and sensors.
1-11
 The recent 
demonstration of room-temperature ultraviolet lasing from well-oriented ZnO nanowire or 
nanorod arrays has further stimulated substantial efforts to develop synthetic 
methodologies to one-dimensional (1D) ZnO nanostructures for constructing electronic 
and optoelectronic devices.
1
 Among the various techniques reported in literature, two 
major vapor-phase deposition techniques are the most popular but energy-consuming ones 
for the high-temperature growth of high-quality ZnO nanorod arrays. The simple physical-
vapor-deposition technique generally requires economically prohibitive high temperatures 




 and the complex chemical-vapor-deposition technique involves expensive 
substrates, sophisticated equipments and rigorous experimental conditions though the 





Recently, low-temperature preparation of homogeneous and dense ZnO nanorod arrays at 
90-95 
o
C has also been achieved through two-step wet-chemical processes including the 
initial coating of ZnO seed particles on substrates and the subsequent growth of ZnO 
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nanorods through the thermal decomposition of Zn-amide complexes in aqueous 
solutions.
4,20-22
 However, it is still a challenge to develop a simple, mild and practical 
strategy for the low-cost and large-scale/area fabrication of high-quality ZnO nanorod 
arrays that is in great demand for promising applications. Here, we present a near room-
temperature production of highly oriented and densely packed ZnO nanorod arrays 
through a very simple natural oxidation process of metal zinc in formamide aqueous 
solutions based on heterogeneous nucleation on zinc substrate and subsequent crystal 
growth of 1D nanostructures. This direct one-step approach exhibits well-controlled 
growth of high-quality well-aligned ZnO nanorod arrays with large-area homogeneity and 
predictable morphologies such as identical lengths and tunable diameters of nanowires or 
nanorods. Such diameter-tunable 1D ZnO ranging from a few ten to a few hundred 
nanometers can be achieved by systematically adjusting the volume content of formamide 
in aqueous solutions that can continuously adjust the controlled supply rate of zinc 
reactants. 
  
This newly developed chemical-liquid-deposition process is similar to the widely used 
chemical-vapor-deposition technique for the fabrication of ZnO nanorod arrays through 
continuous supply, transport, and thermal decomposition of organometallic zinc 
precursors in vapor-phase. The simple self-seeding growth of uniform large-area ZnO 
nanorod arrays not only has an attractive low growth temperature (e.g. 65 
o
C) but also 
prevents from using exotic metal as catalysts or metal oxide as seed particles. Like the 
chemical-vapor-deposition, highly pure zinc metal is used as the source of zinc precursors 
that can also avoid introducing impurities such as counterions from Zn salts that are often 
involved in other wet-chemical approaches. The exclusion of exotic metal catalyst and 
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counterions is very important for fabricating reliable devices because even very low 
impurity concentration could incorporate dopant species into semiconductor nanorods to 
generate unintentional defect levels and significantly affect the device properties. In 
addition to the production of large-area arrays of diameter-tunable ZnO nanorods, this 
novel simple strategy can also be developed for the fabrication of various nanostructures 
of other transition-metal oxide materials. 
 
 
3.1 Morphological and Structural Characterization of ZnO 
Nanorods 
 
Since foreign seed particles are not introduced on zinc substrate, the spontaneous 
chemical-liquid-deposition of ZnO nanorods starts to grow on substrate sparsely at as low 
as 45 
o
C through simply immersing zinc substrate into formamide aqueous solutions for 
24 h. At an optimized temperature of 65 ºC, high-quality ZnO nanorod arrays can be 
produced readily by this simple approach. Figure 3.1 shows that the well-aligned nanorod 
array with large-area homogeneity was grown on zinc substrate in 5% formamide aqueous 
solution at 65 ºC for 24 h. The uniform nanorods with a mean diameter of ~ 140 nm were 
packed very densely on the substrate. The surface-flat nanorod array on the substrate 
indicates the identical length of nanorods. Well-faceted hexagonal nanorods at both the 
end and side surfaces are also shown clearly in the inset of Figure 3.1.  
 
 

















Figure 3.1 SEM image of ZnO nanorod array grown on zinc substrate in 5% formamide 
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Wurtzite ZnO was identified by X-ray diffraction (XRD) pattern of nanorod array as 
depicted in Figure 3.2A. In addition to the diffraction peaks from zinc metal, there is only 
one very strong (002) diffraction peak from ZnO whereas other ZnO peaks are either very 
weak or not detected. The predominant (002) reflection, with a narrow full width at half 
maximum of ~ 0.7
o
, indicates the highly preferential growth direction of nanorods along c-
axis or highly oriented c-axis alignment of nanorods over a large substrate area. Figure 
3.2B shows the TEM image of separate nanorods tenderly removed from Zn substrate. 
These nanorods of ~ 1.6 µm in length have uniform diameters along their entire lengths. 
The selective area electron diffraction (SAED) of a single nanorod in Figure 3.2B 
demonstrates their single-crystalline nature of nanorods grown along [0001] direction. 
Figure 3.2C shows the high-resolution TEM image of the single nanorod. The lattice 
spacing of 0.52 nm corresponds to the d-spacing of (0001) crystal planes, further 
confirming <0001> to be the preferential growth direction. The anisotropic growth of ZnO 
crystal along the [0001] direction may be caused by the inherent polar properties along c- 
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23,24
 Strong room-temperature photoluminescence 
spectrum of the resulting ZnO nanorod arrays can exhibit near band-edge emission using a 

























Figure 3.2 Structural investigations of ZnO nanorods grown on zinc substrate in 5% 
formamide aqueous solution. (A) X-ray diffraction pattern of highly oriented array of 
ZnO nanorods, (B) TEM image of nanorod morphology and selective area electron 
diffraction (SAED) of the selected nanorod, and (C) high-resolution TEM image of an 
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Figure 3.3 (A) Temporal evolution of zinc concentration in 5% formamide aqueous 
solution at room temperature. Temporal evolutions of zinc concentrations in (B) 5%, (C) 
















(A) 5 % formamide at RT
(B) 5 % formamide at 65
 o
C
(C) 10% formamide at 65 
o
C
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It is known that natural oxidation of zinc metal by naturally dissolved oxygen is very slow 
in water due to the surface-passivated oxide layer. However, in the presence of 
formamide, the spontaneous atmospheric oxidation process can be drastically accelerated 
at room temperature to release zinc ions into reaction solution (Figure 3.3A) through the 
formation of zinc-formamide complexes (Equation 1).  
 
Zn + H2O + ½ O2 → [Zn(formamide)n]
2+
 + 2 OH
-
   (1) 
 
As shown in Figure 3.3B-D, more zinc-formamide complexes can be supplied and 
accumulated continuously in the course of zinc oxidation for 24 h at an elevated 
temperature. To understand the formation mechanism of ZnO nanorods on zinc substrate 
at the elevated temperature, the kinetic process of crystal growth was studied carefully in 
5% formamide aqueous solution. In the temporal evolution of zinc oxidation for 24 h at 65 
o
C (Figure 3.3B), zinc concentration increased proportionally with reaction time due to the 
continuous release of zinc ions into solution and Zn complexes can be accumulated up to 
0.23 mM gradually after 24 h in 5% formamide aqueous solution. As shown in Figure 
3.3B, the oxidation of metal zinc at the early stage is very slow and the resulting low level 
of zinc concentration can induce heterogeneous nucleation preferentially on zinc substrate. 
With extended reaction time, freshly produced Zn species can be supplied continuously 
for the subsequent crystal growth on the heterogeneous nuclei through the thermal 
decomposition of the resulting Zn-formamide complexes. Figure 3.4 shows a SEM image 
for an intermediate state of ZnO growth in 5% formamide solution after 5 h. A sub-
monolayer of uniform ZnO seed particles of ~ 120 nm in size was grown on zinc substrate 
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after 5 h in 5% formamide aqueous solution. With further increasing reaction time, these 
















Figure 3.4 SEM image of ZnO particle seeds grown on substrate at 65 ºC after 5 h in 5% 
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3.3 Growth of Diameter-Tunable ZnO Nanorods 
 
Diameter-tunable growth of ZnO nanorods has been illustrated in Figure 3.5. Well-
oriented ZnO nanorods with different diameters can be chemically synthesized on 
substrates from 2%, 5%, and 10% formamide aqueous solutions, respectively. With the 
increase of formamide content from 2%, 5%, to 10%, the average diameter of nanorods 
increased gradually from 50, 140, to 320 nm. The average diameter of nanorods is plotted 
in Figure 3.6 as a function of formamide content of 2%, 3%, 5%, 6%, 8%, and 10%. The 
average diameter of ZnO nanorods increases proportionally with the increase of 
formamide content. The linear relationship demonstrates that the nanorod diameter can be 


































Figure 3.5 SEM images of ZnO nanorod arrays prepared within 24 h from (A) 2%, (B) 
5%, and (C) 10% formamide aqueous solution, respectively. Inset TEM and SAED 





















Time-dependent evolution of zinc concentration in reaction solution with different 
formamide content was monitored by ICP-AES as shown in Figure 3.3. With the increase 
of formamide content from 2%, 5%, 10%, 20%, to 40%, zinc concentration increased 
dramatically after the 24-h crystal growth (from 0.12, 0.23, 0.37, 0.86, to 1.49 mM, 
respectively). This clearly shows that the zinc concentration can be continuously tuned 
from low to high level by increasing the formamide content in aqueous solution due to 
enhanced oxidation rate of metal zinc. The increased supply rate of zinc-formamide 
complexes may be the main reason for the formation of thicker nanorods with the increase 
of formamide content. It is observed that, within the range of 2-10% formamide, ZnO 
nanorods or nanowires can be grown on the zinc substrate exclusively. When formamide 
content is increased to 20% (much larger than 10%), zinc complexes were accumulated to a much 
higher concentration level, leading to the crystal overgrowth of irregular nanorods on the 
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substrate. Additionally, it is noted that the ZnO nanowires of 50 nm in diameter produced 
in 2% formamide aqueous solution also have regular-edged shape and wurtzite single-
crystalline structure grown preferentially along c-axis as shown in the TEM and SAED 
images in Figure 3.5A. 
 
 
3.4 Growth Mechanism 
 
During the preparation of ZnO nanorods at 65 
o
C, the continuous heterogeneous 
nucleation/growth of ZnO nanorods on Zn substrate can gradually block the dissolution 
process of metal Zn, resulting in the formation of a very flat surface of the ZnO nanorod 
array after 24 h. When the reaction temperature is increased to 95 
o
C, a homogeneous 
nucleation/growth process can also occur in solution due to the increased supply rate of 
zinc precursor. The resulting nanorods were not very uniform and the top surface of the 
nanorod arrays was covered with precipitated ZnO aggregates. 
 
In the growth mechanism of oriented nanorod arrays, heterogeneous nucleation at initial 
stage plays a crucial role for vertical and in-plane alignments of nanorods. Since foreign 
seed particles were not introduced for the growth of ZnO nanorods in present work, the 
heterogeneous nucleation may occur at any sites on substrate for catalyst-free crystal 
growth. As both Zn and ZnO have hexagonal crystal structure with lattice constants of a = 
0.2665 nm, c = 0.4947 nm and a = 0.3249 nm, c = 0.5206 nm respectively, ZnO tends to 
have an epitaxial orientation relationship of lattice planes with the base zinc metal. As 
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shown in Figure 3.4, the epitaxial heterogeneous nucleation can result in a uniform 
distribution of ZnO particle seeds on the substrate at the early stage of crystal growth that 
can further lead to a uniform distribution of ZnO nanorods on the substrate through the 
subsequent crystal growth from the particle seeds (Figure 3.1).  
 
It is generally known that the oriented growth of 1D nanostructures on bare substrate 
results from the epitaxial relationship of lattice planes between nanorod and substrate.
18
 It 
has also been reported that oriented ZnO nanorods can epitaxially grow on Al2O3 where 
there are 17% lattice mismatches between them.
25
 It is also believed that ZnO particle 
seeds may also epitaxially nucleate/grow on metal zinc substrate and result in vertical 
growth of nanorods with preferential c-axis orientation because of the identical hexagonal 
crystal structure for both Zn and ZnO together with their relatively small lattice mismatch 
of 4.9% and 18.0% along c-axis and a-axis, respectively. As shown in Figure 3.1 & 3.5, 
nearly all the nanorods grow vertically from the substrate. For those nanorods that do not 
grow vertically, their growth may become physically limited as the misaligned nanorods 
begin to impinge on other neighboring crystals, giving rise to the preferential oriented 
nanorod array ultimately. 
 
 
3.5 A Comparison with the Existing Preparation Methods 
 
Among the various existing methods reported in literature, two major vapor-phase 
deposition techniques are the most popular ones for the high-temperature growth of high-
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quality ZnO nanorod arrays though they are both energy-consuming. The simple physical-
vapor-deposition technique generally requires economically prohibitive high temperatures 




 and the complex chemical-vapor-deposition technique involves expensive 
substrates, sophisticated equipments and rigorous experimental conditions though the 





Our chemical-liquid-deposition method is similar to the widely used chemical-vapor-
deposition technique for the fabrication of ZnO nanorod arrays through continuous supply, 
transport, and thermal decomposition of organometallic zinc precursors in vapor-phase. 
Differently, a low growth temperature (e.g. 65 
o
C) is sufficient compared to the high 
temperatures for vapor-phase fabrication. 
 
Recently, low-temperature preparation of homogeneous and dense ZnO nanorod arrays at 
90-95 
o
C has also been achieved through two-step wet-chemical processes including the 
initial coating of ZnO seed particles on substrates and the subsequent growth of ZnO 
nanorods through the thermal decomposition of Zn-amide complexes in aqueous 
solutions.
4,20-22
 Zinc salts were used as zinc precursors in these methods, which may 
introduce impurities such as counterions from Zn salts. The exclusion of exotic metal 
catalyst and counterions is very important for fabricating reliable devices because even 
very low impurity concentration could incorporate dopant species into semiconductor 
nanorods to generate unintentional defect levels and significantly affect the device 
properties. In addition, the zinc concentration decreased rapidly in a short period of time 
due to consumption of reaction, which toughens delicate control over the crystal growth. 
In our method, highly pure zinc metal is used as the source of zinc precursors that can 
avoid introducing impurities. Moreover, pure zinc ions can be supplied statically via 
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natural oxidation of metal zinc during a long period of time. As opposed to other solution-
based synthesis, slow and steady release of zinc precursors may give rise to the slow and 
progressive growth of elaborate nanostructures.  
 
In a word, our simple self-seeding growth of uniform large-area ZnO nanorod arrays not 
only has an attractive low growth temperature (e.g. 65 
o
C) but also prevents from using 
exotic metal as catalysts or metal oxide as seed particles, which may enable wide 
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Chapter 4  
Large-Scale Fabrication of Highly-Oriented ZnO 
Nanorod Arrays on Arbitrary Substrates 
  
As a wide-bandgap semiconductor with a large excitation binding energy (60 meV), zinc 
oxide becomes one of the most important functional oxides, exhibiting near-UV emission, 
transparent conductivity, and piezoelectricity. Since the first report of ultraviolet lasing 
from ZnO nanorods,1 substantial effort has been devoted to the development of novel 
synthetic methodologies for one-dimensional (1D) ZnO nanostructures due to its potential 
applications in unique electronic and optoelectronic devices.2 Currently, large-scale low-
cost controllable growth of well-aligned single-crystalline ZnO nanorods on proper fitting 
substrates is crucially expected for the promising applications in nanodevices.3  
 
There have been various fabrication techniques for 1D ZnO nanostructures, such as 
molecular beam epitaxy (MBE),4 metal-organic chemical vapor deposition (MOCVD),5 
gold-catalyzed vapor-phase transport (VPT),6 and thermal evaporation;7 these vapor-phase 
processes are, however, expensive and energy consuming since they are operated under 
extreme conditions. Alternatively, solution-phase approaches to ZnO nanorods have 
recently attracted extensive interest because of their low growth temperatures (90-95 oC) 
and good potential for scale-up. Unfortunately, to date, most ZnO nanorods are randomly 
grown in the solutions.8-12 Until more recently, a few synthetic methods of oriented ZnO 
nanorods have been reported,13-15 which are based on seeded growth of ZnO nanorod 
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arrays on ZnO-nanoparticle-coated substrates. However, the liquid-phase preparation of 
the ZnO nanoparticles and the subsequent coating of the substrates in solution remain 
complex and difficult. 
 
In this work low-temperature synthesis of highly oriented single-crystalline ZnO nanorods 
on ZnO film-coated (arbitrary) substrates has been developed via a simple solution route. 
A conventional RF magnetron-sputtering technique was utilized, which greatly simplifies 
the preparation process of ZnO film-coated substrates. This novel synthetic approach also 
allows further reducing the growth temperature to 65 oC, leading to an effective and low-
cost fabrication process for high-quality ZnO nanorod arrays. This substrate-independent 
preparation of ZnO nanorod arrays on patterned substrates enables a wide variety of 
potential applications in electronic and optoelectronic fields. Additionally, large-scale 
dense arrays of well-aligned hexagonal ZnO nanotubes were grown on zinc foils used in 
this reaction solution and a competitive growth mechanism is proposed. 
 
 
4.1 Morphological and Structural Characterization of ZnO 
Nanorods 
 
Large-area ZnO nanorod arrays were successfully grown on ZnO film-coated glass 
substrates in 5% formamide aqueous solutions at 65 oC (Figure 4.1). The whole substrate 
surface was covered with uniform and dense arrays of highly oriented ZnO nanorods. The 
ZnO nanorods have a hexagonal prismatic cross-section with a mean diameter of ~ 100 
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nm, as shown in the high-magnification SEM image (inset of Figure 4.1). The surface-flat 
ZnO nanorod array indicates that the length of ZnO nanorods is also homogeneous. The 
excellent uniformity of diameters and lengths of ZnO nanorods, together with the well-
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Figure 4.1 Hexagonal ZnO nanorod array grown on ZnO film-coated glass substrate in 






 Structural characterization of the as-grown ZnO nanorod arrays were carried out and the 
results are shown in Figure 4.2. XRD analysis (Figure 4.2A) confirms that the ZnO 
crystals are hexagonal wurtzite structure (P63mc, a = 3.2495 Å, c = 5.2069 Å). The XRD 
showed only a single sharp peak between 2θ = 34o and 35o (full width at half maximum: ~ 
0.6-0.7o), which corresponds to the (002) orientation of ZnO,15 indicating that the ZnO 
nanorods are highly oriented with c-axis orientation and trend perpendicular to the 
substrate surface. In Figure 4.2B, the bright–field TEM image of the ZnO nanorod shows 
a uniform rod-like shape with the typical diameter and length of ~ 100 nm and 1 µm, 
respectively. The streak contrast on its observed faces may be bending contours because 
of lattice bending in thin TEM samples.16 The HRTEM lattice fringes image (inset of 
Figure 4.2B) reveals that the nanorods possess a single-crystalline wurtzite structure 
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Figure 4.2 Structural characterization of ZnO nanorods. (A) XRD pattern of the as-grown 







 4.2 Photoluminescence Performance of ZnO Nanorod Arrays 
  
 



























High-density semiconductor nanorod arrays have been extensively studied for their 
applications in photonic and electronic devices. Especially, 1D periodic nanorod arrays of 
GaN, ZnO, and ZnS have attracted considerable interest in applications to ultraviolet (UV) 
laser devices due to their direct wide bandgap of ∆Eg ≥ 3.0 eV. Among them, ZnO (∆Eg = 
3.37 eV) is thought to be the most suitable material for UV laser devices because of its 
large exciton binding energy of 60 meV, compared to the thermal energy (26 meV) of 
room temperature. The PL spectrum of ZnO nanorods grown on the glass substrate 
(Figure 4.3) was recorded at room temperature using a He-Cd laser as excitation source. 
The obtained strong UV emission (~ 400 nm) and weak green emission (~ 600 nm) bands 
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of ZnO nanorod array are attributed to near band-edge transition17 and radical combination 
of a single ionized oxygen vacancy with a photo-induced hole, respectively.18
 
 
4.3 Seeded Growth on ZnO Film-Coated Substrates 
 
Figure 4.4A shows the SEM image of ZnO film-coated glass substrate that was prepared 
by a conventional RF magnetron-sputtering technique. The ZnO thin film was densely 
covered by ZnO nanoparticles with a mean diameter of ~ 60 nm derived from the particle 
diameters in the inset AFM image of Figure 4.4A, and the thickness of the film is ~ 150 
nm calculated from its growth rate. The white dots were ZnO nanoparticles as well though 
they appeared outstanding due to charging during SEM operation; the different height of 
ZnO nanoparticles are shown more clearly in the AFM image (inset of Figure 4.4A). This 
SEM image (Figure 4.4A) was taken at the edge of the glass substrate, and the black area 
shown on the down left was the glass substrate where no ZnO film was coated. Such areas 
were free of growth of ZnO nanorods, as shown in Figure 4.4B, a SEM image of the ZnO 
nanorods grown at the edge of the glass substrate. It may be concluded that ZnO nanorods 
were grown on the ZnO thin film in the way that ZnO nanoparticles acted as seeds which 
trigger consequent growth of ZnO nanorods by lowering the mismatch with the 
substrates.15 From Figure 4.4B, we can also find some individual ZnO nanorods at the 
edge of the substrate, sharing a perfect hexagonal rod-like shape with the typical diameter 






























Figure 4.4 SEM images of (A) the surface of the ZnO film-coated glass substrate and (B) 






 4.4 Patterned Growth of ZnO Nanorod Arrays 
 
To further investigate whether ZnO nanorods only grow on the ZnO-coated area or not, a 
patterned surface was designed (Figure 4.5), somewhere coated while somewhere leaving 
blank. Figure 4.5A shows a low-magnification SEM image of the grown ZnO nanorods 
near an uncoated surface with the width of several tens micrometers. High-magnification 
SEM image (Figure 4.5B) shows clearly the growth of dense arrays of oriented nanorods 
merely on coated areas. The few white dots on the blank surface might be some 
precipitates from solutions. Figure 4.5C shows a schematic illustration of the patterned 
growth of ZnO nanorods. ZnO-coated glass substrates and zinc foils were immersed in 5% 
formamide aqueous solutions, and Zn foils acted as the source of zinc in the reaction. 
Details of this reaction system have been described in the last chapter. ZnO nanorod arrays 
covered only on the glass substrate coated with ZnO film and no ZnO nanorods were 
grown on the uncoated area. The patterned growth might be attributed to the difference of 
the mismatches between the deposition and the substrate: the ZnO film lowered the 
mismatch and led to the growth of ZnO nanorods. Such a patterned growth is crucial to 
the design of electronic and optoelectronic devices and provides promising perspective for 
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Figure 4.5 Patterned growth of ZnO nanorods on the ZnO-coated substrate. (A) Low-
magnification and (B) high-magnification SEM images of the grown ZnO nanorods near 






4.5 Growth Mechanism 
 
In order to understand how the arrays of highly oriented nanorods were formed, the 
growth kinetics was studied by SEM observations of the ZnO growth as a function of time. 
Figure 4.6A shows a SEM image of ZnO nanoparticles grown on the coated film after 6 
hours of reaction. The nanoparticles share the shape of homogeneous rounded islands with 
a mean diameter of ~ 100 nm. Nanorods with small diameters grown from these seeds 
were observed after 12 hours of reaction (Figure 4.6B), though mostly without well-
formed crystal facets at this stage. After 18 hours, short and faceted hexagonal nanorods 
were grown homogeneously on the substrate (Figure 4.6C). And with extended reaction to 
24 hours, the whole substrate was covered by well-oriented nanorods with high density 
and uniform diameters (Figure 4.6D). The results in Figure 4.6 suggest a two-step process 
for growing oriented ZnO nanorod arrays: first, the formation of crystal seeds on the 
coated film; second, the growth of aligned nanorods after extended reactions. This two-
step growth mechanism is different from the three-step one recently reported by Tian and 
coworkers.13 The second step of growth of randomly oriented crystals from the seeds is 
absent. The formation of dense seeds (Figure 4.6A) in the early stage may account for this 
because randomly oriented crystals from the dense seeds were physically blocked from the 
very beginning due to space overlapping and only those with the same c-axis orientation 
survived and self-assembled. The excellent orientation kept unchanged throughout the 
growth process and the length of the nanorods is controllable by the reaction time, though 



























Figure 4.6 SEM images for the temporal growth of ZnO nanorods on ZnO film-coated 






Since the ZnO thin film on glass substrates may play a key role in the growth of ZnO 
nanorod arrays, this low-temperature method was also used to produce nanorod arrays on 
other substrates of any kind such as glass, silicon, and polymer. Thus this substrate-
independent preparation of ZnO nanorod arrays enables a wide variety of potential 
applications in electronic and optoelectronic fields. 
 
 
4.6 Discussion on ZnO Nanotube Arrays  
 
Furthermore, zinc foils used in this reaction (Figure 4.5C) were also characterized and, 
excitingly, large-scale dense arrays of well-aligned hexagonal ZnO nanotubes were 
observed on the surface of these foils. To the best of our knowledge, this is the first low-
temperature synthesis of oriented hexagonal ZnO nanotubes. Figure 4.7 shows the typical 
SEM image of the as-grown ZnO nanotubes, which are well-aligned with homogeneous 
diameters and high density. The diameters of the hexagonal ZnO nanotubes range from 
200 to 300 nm and the length of the nanotubes is up to 3 µm. The inset of Figure 4.7 
reveals a high-magnification SEM image of the head of one ZnO nanotube, showing a 
perfect hexagonal shape with a diameter of ~ 250 nm and uniform wall thickness of ~ 30 
nm. It is well known that the macroscopic morphology usually reflects the microscopic 
nature of a faceted crystal. Accordingly, the hexagonal faceted morphology of the 





















Figure 4.7 A SEM image of large-scale dense arrays of well-aligned hexagonal ZnO 
nanotubes grown on zinc foils by our reaction. Top view of one nanotube is shown in the 






Figure 4.5C shows a schematic illustration of the growth of 1D ZnO nanostructures. The 
oxidation of metal zinc by naturally dissolved oxygen is very slow in water due to the 
surface-passivated oxide layer. However, in the presence of formamide, the spontaneous 
atmospheric oxidation process can be accelerated at room temperature to release zinc ions 
into reaction solution through the formation of zinc-formamide complexes. More zinc-
formamide complexes can be supplied continuously at an elevated temperature. At an 
optimized temperature of 65 °C in 5% formamide aqueous solution, high-quality ZnO 
nanoarrays can be produced readily by this simple chemical-liquid-deposition approach 
during a period of 24 h of reaction. In the temporal evolution of zinc oxidation, zinc 
concentration increased proportionally with reaction time due to the continuous release of 
zinc ions into solution, and Zn complexes can be accumulated up to 0.46 mM gradually 
after 24 h in our preparation system. Freshly produced Zn ions can be supplied 
continuously for the subsequent crystal growth of nanorods on the seed particles through 
the thermal decomposition of the resulting zinc-formamide complexes.  
 
Zinc precursors were continuously supplied from metal zinc in formamide solution. As a 
result, there is a gradient in the concentrations of zinc precursors from Zn foil to ZnO-
film-coated substrate in solution. At the lower concentration region around the ZnO-film-
coated substrate, the diffusion rate of zinc precursors is relatively fast with respect to that 
of crystal growth at the liquid-solid interface. The concentration of zinc precursors is 
uniform throughout the surface of seed particles on ZnO-film-coated substrate, and growth 
takes place on entire seed particles, giving rise to solid nanorods. At the higher zinc 
concentration region near the zinc foil, the growth rate has increased with respect to the 
rate of diffusion, and the zinc concentrations are largely decreased close to the top area of 
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1D ZnO nanostructures, leading to the preferential growth of nanowalls and limiting the 
growth of nanorods.19 On the other hand, the mean diameter of ZnO nanorods grown on 
ZnO-film-coated substrate (~ 100 nm) is much smaller than that of nanotubes grown on 
zinc foils (~ 250 nm) (Figure 1) because of the much higher seed density on the ZnO-film-
coated substrate than that of the nucleation sites on the native oxide layer of zinc foil. The 
resulting thinner nanorods on ZnO-film-coated substrates are more stable due to their 
small top areas of polar metastable (001) surfaces and large lateral areas of the most stable 
low-index nonpolar surfaces (parallel to the c-axis) (Figure 4.8).20 However, on zinc 
surfaces, it may not be energetically favorable to form thicker, solid ZnO nanorods due to 
their large top areas of metastable (001) surfaces. Instead, the formation of thicker, hollow 
ZnO nanotubes can reduce the top metastable areas and enlarge the lateral areas of the 
most stable low-index nonpolar surfaces with respect to those of the corresponding solid 
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Chapter 5  
Conclusions and Future Work 
 
We have successfully developed a novel liquid-phase approach to nanostructured zinc 
oxide. The method allows us to produce large-scale dense arrays of well-oriented ZnO 
nanorods on arbitrary substrates such as zinc substrates and ZnO film-coated substrates 
(e.g. glass, silicon, and polymer) at low temperature (65 oC). The morphology, structure 
and optical property of ZnO nanorods were characterized, and their growth mechanisms 
were further proposed. These obtained high-quality ZnO nanorod arrays should find 
excellent applications in solar cells, light emission, and other devices. 
 
I: A chemical-liquid-deposition process as an analogue of the widely used chemical-
vapor-deposition technique has been developed for the near room-temperature growth of 
ZnO nanorod arrays on zinc substrates through continuous supply, transport, and thermal 
decomposition of zinc complexes in formamide aqueous solutions. This novel simple low-
temperature strategy enables the low-cost and large-area fabrication of ZnO nanorod 
arrays through the natural oxidation process of zinc metal in formamide aqueous solutions. 
This one-step wet-chemical approach has exhibited well-controlled growth of highly 
oriented and densely packed ZnO nanorod arrays with large-area homogeneity and 
predictable morphologies such as tunable diameters and identical lengths of resulting 
nanowires or nanorods. It is noted that the diameter-tunable ZnO nanowires or nanorods 
ranging from a few ten to a few hundred nanometers have been achieved by systematically 
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adjusting the volume content of formamide in aqueous solutions that can continuously 
alter the supply rate of zinc reactants and control the self-seeding growth of nanorod 
arrays. Room-temperature photoluminescence spectra of ZnO nanorod arrays exhibit near 
band-edge emission and deep-trap emission. 
 
II: A simple synthetic procedure for preparing dense arrays of single-crystalline ZnO 
nanorods on ZnO film-coated substrates (e.g. glass, silicon, and polymer) has also been 
developed by a soft solution method without the use of metal catalyst. The low-
temperature growth can be achieved via the aid of ZnO film-coated substrates that offers a 
desirable route for large-scale array growth of highly oriented ZnO nanorods. XRD, SEM, 
TEM and HRTEM analyses indicate highly oriented ZnO nanorods with hexagonal 
wurtzite structure have an excellent rod-like shape with uniform diameters and lengths. 
The growth of ZnO nanorods is controllable with designed patterning and a new two-step 
growth mechanism was proposed by studying the growth kinetics of the ZnO nanorods. 
The PL spectrum was studied at room temperature. Additionally, large-scale dense arrays 
of well-aligned hexagonal ZnO nanotubes were grown on zinc foils used in this reaction 
and a competitive growth mechanism was proposed. 
 
The techniques demonstrated here could be extended for synthesizing a wide range of 
nanostructured functional oxides, such as CdO, CuO, Fe2O3, and even their alloy hetero-
nanostructures, which will be further studied in our future work. Moreover, how 
geometric shapes of these nanostructured oxides are modified in the presence of 
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biomolecules, such as protein, will also be extensively investigated in our future work. We 
would attempt to make a close connection between nanotechnology and biotechnology.  
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